In this work, the permittivity of porous LTCC (low temperature co-fired ceramics) DP 951 is measured and evaluated. The dielectric constant is locally lowered to improve the performance of e.g. radar sensors operated in the GHz range. Porousification is done at originally dense LTCC substrates in the fired state by a wet chemical etching procedure using hot phosphoric acid. Choosing this approach, areas with tailored permittivity can be generated in one single LTCC layer. The etch time and the bath temperature precisely control the penetration and hence, the porosification depth. Therefore, the decrease in dielectric constant of the LTCC substrate can be correlated to the thickness of the porous layer. The dielectric constant is measured using a ring resonator in microstrip configuration. From the resonances occurring in the transmission S-parameter |S21| spectrum between 1 to 10 GHz, the relative dielectric constant can be determined. Using 820 μm thick substrates a relatively low reduction from r = 7.8 to 6.45 is achieved when a porosification depth of about 35 μm is reached. Based on numerical simulations, the effective dielectric constant for a 100 μm thick glass-ceramic layer which is porousified to a depth of 35 μm is calculated to 5.2, whereas the thickness represents a lower limit for tapes being typically implemented into the fabrication process of monolithic LTCC systems with integrated metallization planes. This value is lower compared to those of commercially available low-k LTCC tape systems.
Introduction
In recent years, LTCC (low temperature co-fired ceramics) glass-ceramics attract much attention as technology platform for advanced substrates and devices. Basically, LTCC is a glass-ceramic consisting of a glass matrix in which crystalline particles with a typical diameter in the range of 2-3 μm are embedded as filler material. By the liquid sintering process the soft sheets are densified to form a monolithic ceramic body.
LTCC is most favorably used as substrate for micromachined devices operated at high frequencies typically ranging up to the microwave region. Although there are also other types of high-density, multilayer substrates available, based on organic laminates, further outstanding features of the LTCC for this field of application are the excellent thermal conductivity compared to organic materials and a coefficient of thermal expansion close to silicon [1] . The relatively high permittivity of r = 7-8 is disadvantageous for some application scenarios, such as the performance of microwave antennas directly arranged on the LTCC surface. To avoid this drawback either a combination of LTCC with a local application of a low-k organic material [2] or the modification of the LTCC substrate itself is targeted. The generation of a defined porosity is the most commonly used approach to reduce the dielectric constant and the dielectric losses of materials [3] . This effect can be achieved either by perforating the green-tape before sintering [4] or by chemical modifying the monolithic glass-ceramic body after the co-firing process. In a previously published study, the porousification of LTCC by a wet chemical etching procedure has been described in [5] . This approach is based on the selective etching behaviour of different phases and components in the glass-ceramics. In particular, anorthite which is generated in the alumina-grain near portion of the glass-matrix is dissolved with a high etch rate in phosphoric acid forming the porous structure due to gaps having widths in the 100-300 nm range. The penetration depth can be controlled with low effort by monitoring the etch time and the bath temperature of the etchant at a given concentration. The main advantage of this procedure is that commercially available material with well known production parameters can be used in combination with a permittivity which is locally tailored.
It is the objective of the present study to quantify the decrease in permittivity by the porousification of LTCC in the frequency range between 1 to 10 GHz. From the characteristic peaks gained from a ring resonator in microstrip configuration the effective permittivity is determined. Finally, these results are correlated to those of the etching process.
Experimental details
For the present investigations commercially available LTCC substrates (DP 951 AX) from DuPont are used. The blank sheets were laminated at a pressure of 20 GPa and fired at a peak temperature of 850°C for 30 min. in a batch furnace. For the chemical attack of LTCC substrates, phosphoric acid with a purity of 85 vol% is used. The bath temperature T b is closed-loop controlled on a hotplate purchased from Heidolph Instruments and varied between 90 and 130°C. Dwell times at peak temperature t b were between 1 to 8 h. Finally, the samples were rinsed in deionised water and dried with purged air.
The penetration depth of the porosification process is measured by embedding LTCC specimens into a resin matrix (Demotec 30). Next, they are cross grinded on a standard turntable from Struers and analysed via scanning electron microscopy technique (LEO 435VP).
Sputter deposition technique and standard lithography followed by a wet chemical etching process were applied for the realization of the copper-based ring resonator elements (film thickness: 1 μm). The electromagnetic wave is capacitively coupled into the resonant structure and extracted via a second feed line located on the opposite side. Standard SMA connectors are carefully soldered onto the thin film metallization. The resonance spectra of the Sparameter |S21| are measured with an Agilent E8363B network analyser in the range between 1 to 10 GHz. The permittivity of the different LTCC substrates was measured using a ring resonator in microstrip configuration [6] . The gap between the ring resonator and the feed lines is designed to 200 μm using numerical calculations so that the minimal insertion loss in this frequency range is -20 dB.
Results and discussion
The variations in permittivity are measured using a ring resonator displayed in Fig. 1 . The device comprises two feed lines inductively coupling the resonating microwave into and out of the ring element. The ground is arranged on the backside of the glass-ceramic. The width of the line is calculated by numerical simulation with the calculation tool TX-line to w ln = 1170 μm so that the impedance matches 50 . Basically, the resonance frequency f 0 results for an ideal loss-free resonator from the integer multiple of half of the ring perimeter p. For the real device as shown in Fig. 1 simulations yield a fundamental resonance frequency f 0 = 2.1 GHz when using a value of 9825 μm for p. The frequency spectrum of the transmission S-parameter |S 21 | on "as fired" LTCC is presented in Fig. 2 . From the first fundamental resonance frequency f 0 the dielectric constant can be determined as described in Ref.
[6] to 7.8. This result is in excellent agreement with the specifications of the tape manufacturer [5] , stating the same value, thus giving confident in our approach, especially with respect to the characterization of the porousified LTCC substrates. Fig. 3 . A defined penetration depth of the acid can be observed so that a homogeneous permittivity of the porous substrate material is ensured. The platinum on top is only for preparation purposes.
The corresponding resonance spectra expanded for clarity purposes in the range of the 3 rd harmonic are displayed in Fig. 4 . Due to the decrease in permittivity with increasing degree of porousification the resonance frequencies are shifted to higher frequencies (i.e. from 8.2 GHz at "as fired" LTCC to 9.2 GHz at LTCC with a porous layer of d p = 35 μm). As a consequence, the relative dielectric constant of the 820 μm thick LTCC substrates including the porous layer decreases from originally r = 7.8 to 7.2, 7.18 and 6.45. Due to the high ratio between the dense substrate and the porous, surface-near layer the reduction in permittivity is moderate. Despite this disadvantage, the large substrate thickness was chosen to provide a mechanically robust substrate to ease the handling in all the technology steps needed to fabricate the LTCC and the thin film element. In principal, r = 6.45 is a typical value offered by most low-k LTCC systems which are commercially available [7] . The decreasing peak quality with higher degree of porosification is predominantly attributed to the enhanced surface roughness of the LTCC that strongly lowers the properties of the thin film metallization forming the resonator element. From these measurements the relative permittivity of the surface-near porousified LTCC substrate can be calculated to a value of about r = 2.3 with numerical simulations so that specific layouts can be designed. It is, however, worth mentioning that this value is regarded to be a good approximation up to about d p = 15 μm, as investigations on the porous microstructure demonstrate [5] , that simultaneously with the increasing penetration depth of the etchant the degree of porosification is enhanced due to an additionally dissolution of e.g. the Al 2 O 3 -based filler material. When assuming that antenna elements can be realized on just one single layer of LTCC having a typical thickness of ~ 100 μm an effective relative permittivity of r = 5.2 is feasible with a 35 μm thick porous layer. This value is lower than those offered by all other LTCC tapes which are commercially available.
Conclusions and outlook
In this work the decrease in permittivity of surface-near porousified LTCC substrates is measured. With this approach areas with tailored permittivity in one LTCC layer are provided without the need to combine e.g. organic and glass-ceramic materials with their different properties (e.g. temperature coefficient of expansion). Furthermore, the wet chemical porousification of fired LTCC substrates is a cheap and straight-forward process to improve the high frequency performance of glass-ceramic substrates (DP 951). Phosphoric acid is used to generate the porous microstructure by dissolving the anorthite phase enveloping the Al 2 O 3 grains. Basically, the penetration depth is controlled easily by the exposure time and the bath temperature. Applying this porosification approach, a reduction in permittivity of up to 18% is achievable at a maximum porosification depth of 35 μm using 820 μm thick substrates. For multilayer applications having integrated ground planes the implementation of 100 μm thick single layers into the fabrication process is feasible so that an effective dielectric constant of r = 5.2 can be estimated from numerical simulations and thus, a decrease of about 33% is possible. Compared to other low-k dielectric materials the permittivity is lower than of most commercial LTCC tapes (e.g. DP 943 as well as Heraeus CT 700: r = 7.5) as well as alumina ( r = 9.2) and FR-4 ( r = 5.5). In addition, all advantages of the LTCC technology can be used such as integrated passive components, vertical connections and cavities implemented into a robust glass-ceramic body.
